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ABSTRACT 
 
The aim of this thesis is to study the redistribution process of contaminants from low to 
high-permeability zones of aquifers in order to improve groundwater remediation.       
When the plume emitted by the primary source of contamination encounters low 
permeability layers of aquifer generates a concentration gradient between the high and low 
aquifer permeability zones. A molecular diffusive flux hence is induced causing pollutant 
accumulation in the low permeable layers (Forward-Diffusion). After the primary source of 
contamination is reduced, the pollutant concentration in the transmissive zone decreases 
and the concentration gradient reverses. Previously stored contaminant is released by the 
so-called “Back-Diffusion” process, which causes a long plume tail. Thus, contaminated 
low permeability zones of aquifer represent long-term sources of contamination, today 
considered as one of the main obstacles to effective groundwater remediation.     
The Back-Diffusion phenomenon was reproduced at laboratory scale reconstructing an 
aquifer characterized by a high-permeability layer and three different low-permeability 
zones. The measurement of contaminant fluxes released from the low permeability lenses 
by image analysis technique permitted to evaluate the influence of the lenses 
granulometry on the pollutant redistribution process. The results show that the lower the 
average grain dimension of the formation is, the higher the flux is and the longer the time 
for which the values of the released concentration can constitute a source of 
contamination.                       
It is known the large use of pumping technologies to restore groundwater, so the efficiency 
of the traditional pumping technology to remediate contaminated low permeability zones of 
aquifer was investigated by laboratories tests. The remediation time of the three lenses 
were calculated under different groundwater velocities using the diffusive flux values 
obtained by image analysis.  In this way, a relation between “groundwater velocity” and 
“remediation time” was determined for each lens. This relation shows the low efficiency of 
the traditional pumping system to restore contaminated low permeability zones of aquifers, 
demonstrating the need to use alternative technologies. The Groundwater Circulation Well 
(GCW) system was investigated as an alternative remediation technology. The GCW 
system creates vertical groundwater circulation cells by drawing groundwater through a 
one screened section of a multiscreen well and discharging it through another screened 
section. The suitability of this technology to restore contaminated low permeability layers 
 
 
was investigated by laboratory test. The collected data were used to calibrate a model 
created to simulate the Back-Diffusion process and to evaluate the effect of pumping 
technologies on the depletion time of that process. Results show that GCW develops a 
hydraulic gradient inside the aquifer, which supports the diffusive flow into the lenses and 
increases the concentration gradient at the interface between low and high permeability 
zones of aquifers. The efficiency of the GCW system appears dependent on the position of 
the low permeability zones, but it seems always higher than traditional pumping 
technology one. 
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INTRODUCTION 
 
The issue of groundwater remediation emerged in the 1970s because synthetic organic 
contaminant began to be observed in supply wells in United States. The first conceptual 
model used to describe the contamination source and the pollutant’s redistribution through 
the unsaturated/saturated porous media was based on existing agricultural models and on 
assumptions of isotropic and homogeneous aquifer. In particular, the first conceptual 
model assumed that the source was located in the unsaturated zone, contaminants have 
been released mostly in dissolved form and all pollutants were dissolved in groundwater or 
adsorbed by the aquifer material (Hadley and Newell 2014). The transport of contaminants 
in the saturated zone was explained using the advection-dispersion equation and for many 
years it represented the main approach used to simulate the dispersion of contamination 
plume into groundwater. In the 1980s many Pump and Treat systems were constructed 
based on the described conceptual model to remediate contaminated groundwater. 
However, in the late 1980s some Pump and Treat systems had removed more mass of 
pollutants than what was initially estimated to be present in the aquifer. Sometimes also 
contamination rebounded after the pumping systems were turned off (Simon et al.). These 
two unexpected phenomena caused a slower complete aquifer restoration than expected. 
The application of Pump and Treat technology to restore sites contaminated by fuel 
allowed to understand that contamination by hydrocarbons was often distributed as a 
distinct and persistent phase at water surface (Hadley and Newell 2014). Soon, the 
scientific community recognized that Light Non Aqueous Phase Liquid (LNAPL) 
contamination causes long-term plumes that are very difficult to remove completely or 
isolate. This idea was also quickly applied to Dense Non Aqueous Phase Liquid (DNAPL) 
contaminants as the chlorinated solvent.  Therefore, NAPLs became an important 
component of the groundwater remediation conceptual model and for many years their 
presence dominated the remediation discussion.  In recent years the attention of the 
scientific community has been focused on the low permeability zones of aquifer and the so 
called “Back-Diffusion” phenomenon. In 2011, the papers in literature about “Diffusion” 
matched the number of manuscripts about “NAPLs” (Hadley and Newell 2014). Several 
authors (Wilson 1997, Adamson et al. 2016, Mackay and Cherry 1989), showed that the 
presence of NAPL is not the only cause of persistent plumes of dissolved contaminants. 
They can persist in groundwater due to a further process linked to the diffusion of 
contaminants from low-permeability zones encountered within the aquifer. The plume 
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emitted by the primary source of contamination generates a concentration gradient 
between the high and low aquifer permeability zones that induces a molecular diffusive 
flux, causing pollutant accumulation in the low permeable layers (Forward-Diffusion). 
When the primary source of contamination is reduced due to natural source depletion 
processes or active remediation efforts, the pollutant dissolved concentration in the 
transmissive zone decreases and the concentration gradient reverses. Previously stored 
contaminant starts to be released by the so-called “Back-Diffusion” process which causes 
a plume tail that can considerably increase the aquifer remediation timeframe (Sale et al., 
2008, Parker et al., 2008, Carey et al., 2015).  Therefore, the “Back Diffusion” process is 
expected to occur when the contaminant flux from a source zone that passes directly into 
the ground waters is strongly reduced. This aspect can indicate the similarity of behavior 
between this type of source and others that have as a fundamental characteristic a long-
lasting release, such as those derived from NAPL contamination. The main difference can 
be observed in that the separated phases release directly in the flow from their pooled or 
residual status; thus, the flux is mostly dependent on the solubility of the 
substance/substances in the solvent phase (Falta et al., 2005, Seyedabbasi et al., 2012). 
In contrast, in the examined cases, the driving force of the release is the diffusion that is 
governed from gradient, and the resulting flux is thus influenced by mechanical parameters 
such as the grain size and molecular diffusion (Rolle et al., 2013).  
Back-Diffusion was previously recognized as an important process in aquifers with silty or 
clayey layers by Mackay and Cherry (1989). They discussed the problem of dissolved 
contaminants stored inside the low-permeability zones due to forward diffusion and their 
subsequent slow release by reverse diffusion during Plump &Treat (P&T). Liu and Ball 
(2002) and Parker et al., 2008 demonstrated the Back-Diffusion process with field 
measurements after the hydraulic isolation of the primary source. These studies 
considered low-permeability zones as active and persistent secondary sources. Carey et 
al., 2014 numerically simulated the duration of Back-Diffusion from an aquitard 
contaminated by Trichloroethene (TCE) and the results showed a much higher 
groundwater remediation time than that necessary for the depletion of the DNAPL source. 
Seyedabbasi et al., 2012 investigated the relative contribution of DNAPL dissolution 
versus Back-Diffusion phenomenon to the longevity of a chlorinated source.  A coupled 
dissolution–diffusion model was developed to facilitate diffusion into low-permeability 
layers while in contact with DNAPL followed by Back-Diffusion out of these same layers 
after complete DNAPL dissolution. Simulations indicated that Back-Diffusion caused from 
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17% to 97% of the total source longevity based on the different contaminant properties. 
Therefore, contaminant redistribution from low to high permeability zones can be 
considered an obstacle to complete groundwater restoration like in the case of the 
presence of a NAPL source.         
The Back-Diffusion process has been widely studied at laboratory scale due to the 
difficulty of collecting data in field studies (Sale et al., 2008, Chapman et al., 2012, Wilking 
et al., 2013, Yang et al., 2014). In laboratory tests, aquifer models were reconstructed in 
tanks with thin clay lenses or with aquitard layers at the bottom. In most of the laboratory 
experiments tracers were used with the aim of observing the processes of storage and 
release of contaminant from low-permeability zones, paying particular attention to the 
consequent possible plume tailing.             
In recent years, several laboratory experiments were carried out using image analysis as 
contaminant concentration could be estimated without recourse to invasive instruments 
(Cenedese et al., 1996, Citarella et al., 2015, Cupola et al., 2015, Huang Wei et al., 2002, 
Luciano et al., 2010, McNeil et al., 2006, Theodoropoulou et al., 2003, Werth et al., 2010, 
Zinn et al., 2004,). Different image analysis methods can be used to measure the tracer 
concentrations: they can be roughly re-conducted according to the light transmission 
technique (Zinn et al. 2004, Catania et al., 2008, Konz et al., 2008, Wang et al., 2008, 
Jaeger et al., 2009) or the reflection light technique (Konz et al., 2009). This technique has 
also been used to investigate the Back-Diffusion phenomenon while improving the 
practical approaches and numerical models used for its management during restoration 
treatments. For this reason, in several studies different types of numerical models were 
validated using experimental results from laboratory tests. The numerical approaches 
range from analytical solutions for the simplest scenarios (Sale et al., 2008, Brown et al., 
2012 and Yang et al., 2014) to numerical solutions based on finite-element techniques 
(Parker and Chapman 2005, Parker et al., 2008, Chapman et al., 2012) or finite-difference 
techniques (Chapman et al., 2012) for more complicated situations.             
Laboratory tests were also carried out to investigate the effect of different remediation 
technologies for contaminated low-permeability zones. Some of these studies focused on 
the reduction of the contaminant flux released from low-permeability lenses using 
electrokinetic migration (Chowdhury et al., 2017, Gill et al., 2015), low k zone treatment 
with dissolved Oxygen (Clifton et al., 2014), Sodium Persulfate (Cavanagh et al., 2014), 
Permanganate (Chokejaroenrat et al., 2014), and testing the effect of Groundwater 
Circulation Wells (Mohrlok et al., 2010). Although efforts of the scientific community, the 
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restoration of low contaminated low permeability layers is a problem which is not solved 
today. The presence of contaminants in these zones represents a real limitation for a 
complete and effective groundwater remediation.         
The aim of this thesis is the reproduction of the Back-Diffusion process at laboratory scale, 
to study this phenomenon and to improve the remediation of contaminated low 
permeability layers of aquifers.              
In the first chapter, the Back-Diffusion process was reproduced at laboratory scale 
reconstructing an aquifer with three low permeability lenses inside it and using a 
fluorescent tracer to enhance the visibility of the phenomenon.  An image analysis 
procedure was elaborated to estimate the diffusive fluxes of tracer released from the 
lenses during the Back-Diffusion process and to evaluate the influence of the lenses 
granulometry on this phenomenon.               
In the second chapter, the effect of pumping water on the remediation time of these 
contaminated low-permeability layers was investigated. Three laboratory experiments 
were carried out to study the Back-Diffusion phenomenon under three different 
groundwater velocities.  The remediation time of the lenses were calculated using the 
diffusive flux values obtained by image analysis for each test.  Results were used to 
determine a relation between “groundwater velocity” and “remediation time” for each lens. 
The coefficients of the relations obtained were matched with the grain size of the low-
permeability lenses. The results show the low efficiency of the traditional pumping system 
to restore contaminated low permeability zones of aquifers. This clearly demonstrates the 
need to use alternative technologies.             
In the third chapter, the effect of the Groundwater Circulation Well (GCW) on the Back-
Diffusion process was investigated. The GCW system is an in-situ remediation technology 
that creates vertical groundwater circulation cells by drawing groundwater from an aquifer 
through a one screened section of a multiscreen well and discharging it through another 
screened section. GCW can be configured with upward or downward in well flow 
depending on site requirements. Groundwater circulation wells can be used in conjunction 
with other technologies such as bioremediation, bioventing, soil vapor extraction, 
surfactant, and oxidation (EPA, 1995). GCW was employed at field scale to remediate 
groundwater contaminated by NAPL (Scholz et al., 1998), by volatile organic compounds 
(Allmon et al., 1999) and to enhance bioventing (EPA, 1998). In literature, many studies 
were performed to numerically evaluate the flow developed in a porous media by a 
Groundwater Circulation Well (Jonhson et al., 2007, Ross and Gary, 1992, Elmore et al., 
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2001, Miller et al., 2005).            
In this thesis, an innovative application of GCW was studied. A laboratory test was 
performed to evaluate the suitability of this technology to restore contaminated low 
permeability layers. An aquifer with two low permeability lenses saturated with a 
Fluorescein solution was reconstructed. A GCW model was inserted inside the aquifer and 
water was extracted from the upper screen section and injected from the lower screen until 
the Back-Diffusion process was depleted. During the test the tracer mass contained inside 
the lenses was estimated using the image analysis technique. The obtained values were 
used to calibrate a model created to simulate the Back-Diffusion process and to evaluate 
the effect of pumping technologies on the depletion time of that process. In particular, the 
model was used to numerically investigate the efficiency of two GCW models (with two 
and three screen sections) and their ability to restore contaminated low permeability zones 
of aquifers.     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 6 
 
CHAPTER 1 
 
BACK-DIFFUSION PROCESS: REPRODUCTION AT LABORATORY 
SCALE AND INVESTIGATION OF THE PHENOMENON BY IMAGE 
ANALYSIS TECHNIQUE 
 
1.1 Laboratory test: Experimental apparatus 
 
Back-Diffusion phenomenon was reproduced at laboratory scale reconstructing an aquifer 
inside a box model. The entire experimental apparatus is shown in Fig. 1 and consisted of 
a box, two peristaltic pumps connected to the inlet and the outlet of the tank, a reservoir for 
the storage of Fluorescein, a UV lamp positioned in front of the tank and a 3CCD camera.   
 
 
 
Fig.1: Experimental apparatus used for laboratory tests (Tatti et al., 2016). 
 
The box, made of Plexiglass, is characterized by a horizontal length of 68 cm, a height of 
40 cm and a depth of 7 cm. The Plexiglass tank was divided into two parts: the smaller 
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part was used to control the water level and limit the turbulence effects, the other one was 
utilized to reconstruct the aquifer model. The two parts of the box were connected by a 
punched plate to allow water flow. Two peristaltic pumps were used to control the flux 
through the aquifer during the experiment, one connected to the smaller chamber of the 
box and the other one to the outlet of the tank. To prevent material from escape, a gravel 
layer was located before the outlet. The model of the aquifer reconstructed consists of a 
high-permeability layer in which three low permeability lenses are inserted (Fig. 2).  
 
 
Fig.2: The model of aquifer reconstructed (Tatti et al., 2016). 
  
The high-permeability layer was realized using quartz sand. The first two low permeability 
lenses were composed of the quartz flour (Silverbond SA 12S and Silverbond SA 4K), and 
the third lens was composed of Sodium Bentonite. The quartz flours were chosen to 
simulate the low-permeability media due to their insolubility in water, low reactivity and 
light color; this last property allows to observe clearly the diffusion of a colored tracer 
inside the lenses.                           
Laboratory measurements were performed to estimate the particle size and porosity of 
each material. The particle size analyses of quartz flours and Sodium Bentonite were 
performed using a Sedigraph. The method of measurement utilizing by the instrument is 
based on Stokes’ law and on the absorption of X-rays as functions of the concentration of 
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sediment in the liquid dispersant. As Table 1 shows, Sodium Bentonite is characterized by 
a medium grain size (D50) an order of magnitude smaller than those of lenses 1 and 2, 
which have D50 values of 15 μm and 12 μm, respectively. The particle size analysis of 
quartz sand was performed by sieving, according to the ASTM standards. The medium 
grain size of the sand was estimated to be 700 μm (Table 1). 
  
Table 1: Characteristics of materials used for constructing the aquifer model. 
 
 
To determine the porosity of sand, quartz flours and Sodium Bentonite, the following 
relation was used: 
 
 = 1 −
𝑃𝑠
𝑉𝑇𝑜𝑡∗𝛾𝑠
                  (1) 
 
where  is the porosity, Ps the dry weight of the material, VTot the sample volume and γs 
the density of the material. To estimate the value of sand Ps, the Sand-Cone Method was 
used, according to the ASTM standards. To determine the Sodium Bentonite Ps, three 
samples with known volumes were filled with the saturated material and then weighed. 
The samples were dried at a temperature of 110 °C for 24 hours and after they were 
weighed again. In this way, Ps was determined and, using (1), the water moisture of 
samples were estimated. The same laboratory procedure was used to determine the value 
of the quartz flours’ Ps. Table 1 presents the porosity value for each material obtained 
from the average of the three samples’ values. The hydraulic conductivity of each material 
 Materials s (kg/dm3) D50 (μm) D10 (m) Porosity Hydraulic 
Conductivity 
(m/s) 
Sand  Quartz 2.65 700 430 0.40 2.7*10-3 
Lens 1 Quartz Flour 2.65 15 1.8 0.40 1.4*10-6 
Lens 2 Quartz Flour 2.65 12 1.4 0.42 5*10-7 
Lens 3 Sodium Bentonite 2.35 1.4 0.1 0.60 6.8*10-8 
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was estimated using theoretical approaches. The sand hydraulic conductivity was 
estimated using the formula proposed by Hazen: 
 
𝑘 =
𝑔
𝑣
∗ 6 ∗ 104 ∗ (1 + 10 ∗ ( − 0.26)) ∗ 𝐷10
2          (2) 
 
where g is the acceleration due to gravity,  the kinematic viscosity of water,  the porosity 
and D10
2  the grain diameter for which 10% of the material has a lower dimension. 
The hydraulic conductivities of the two lenses were calculated using the semi-empirical 
approach proposed by Kozeny and Carman: 
     
𝑘 =
𝛾𝑠

∗
1
𝐶𝑘−𝐶
∗
1
𝑆0
2 ∗
𝑒3
1+𝑒
                           (3) 
 
 
where s is the density and  the dynamic viscosity of water, Ck-C an empirical coefficient 
equal to 5, S0 the grains specific surface per unit of volume and e the void ratio. S0 was 
estimated using the specific surface of grains measured utilizing laser diffraction 
(expressed as cm2/g). As Table 1 shows, the lower the grain size, the lower the hydraulic 
conductivity and the higher the porosity is. Thus, lens 1 is characterized by the biggest 
grain size and by the highest permeability, lens 3 has the smallest grain size and the 
lowest hydraulic conductivity.   
Sodium Fluorescein was used as a colored tracer to simulate a contaminant. Fluorescein 
is a non-toxic and non-reactive compound. It was chosen because it emits a light that 
varies from green to orange as a function of its concentration when it is excited by UV light 
(Sabatini and Austinal, 1991). In this way, the tracer appears clearly visible in porous 
media and thus image analysis technique results a suitable method to estimate tracer 
concentration in the aquifer. In the experiments described, the fluorescence was 
stimulated using an ultraviolet light bulb (Philips Actinic BL TL-D 18W-10 UV-A G13).  
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1.2 Test Procedure  
 
In the first step of the experiment, the tank was saturated with clean water and a constant 
groundwater velocity was reached setting the two pumps to a fixed flow rate of about 26 
mL/min. Subsequently, in order to simulate a contamination, a solution containing 2 g/L of 
dissolved Fluorescein was slowly injected into the first chamber of the tank. Fluorescein 
quickly advanced into the sand layer, generating a concentration gradient between low 
and high-permeability zones of the aquifer (Fig.3).  
 
 
 
 
 
 
Fig.3: The advancement of Fluorescein in sand layer. 
 
 
 
The concentration of the solution in the sand layer was monitored collecting water samples 
at the outlet of the box. The Sodium Fluorescein concentration in every sample was 
estimated by measuring the intensity of the tracer’s fluorescence. Each water sample was 
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excited by UV light at 254 nm and the intensity of the emitted light (fluorescence) by 
Fluorescein was measured using a fluorometer. 
Based on the fluorescence intensity of samples with known tracer concentrations, a 
relationship was determined between the intensity of fluorescence and the Fluorescein 
concentration. That relationship was used to match the measured fluorescence of the 
samples to the respective concentration.  
When the sample concentration reached a plateau of 2 g/L, this concentration was 
considered to exist in the whole tank. At that time, the injection of the Fluorescein solution 
was stopped, the top of the tank was sealed to avoid evaporation and the aquifer was kept 
in a saturated condition for three weeks with null velocity. During that time, dissolved 
Fluorescein advanced visibly in the lenses by molecular diffusion (Fig. 4).  
 
 
 
Fig.4: Fluorescein advancement by Forward-Diffusion in lens 1 (a) and lens 2 (b). 
 
 
At the end of three weeks, the removal of the primary contamination source was simulated 
flushing clean water for 14 days using the previously mentioned flow rate of 26 mL/min. 
For the first 5 days, two pore volumes were flushed daily, and for the remaining 9 days, 
only one pore volume of water (about four liters) was flushed. The daily flushing phase 
was conducted during the daytime hours, and during the night, the flow was stopped and 
then re-started on the following morning. In this way, periods of enhanced groundwater 
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velocity due to pumping activity and periods of rest were simulated. As the Fig. 5 shows, 
during the flushing phase an advective component of transport removed Fluorescein from 
the sand layer quickly and the concentration gradient between low and high permeability 
layer reverses.  
 
 
 
 
 
Fig.5: Fluorescein removal from sand layer by advective transport. 
 
 
 
The diffusion phenomenon from the low-permeability zones was clearly visible during both 
flushing and non flushing phases. Figure 6 shows the solute that was released from the 
low-permeability lenses during the night phase and redistributed via diffusion in the higher-
permeability layer. Figure 7 shows the tails of the released dye during water flushing. 
During the experiment images of the aquifer were collected continuously with a prefixed 
time interval from an automatic acquisition system. To take images a CCD camera was 
used and to increase their clarity, a UV filter (Hoya Pro1 Digital Filter UV) was applied on 
the camera lens.  
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Fig.6: Fluorescein released by low permeability lenses at the end of the daily non flushing phase 
(Tatti et al., 2016). 
 
 
 
 
Fig.7: Tail of Fluorescein released by low permeability lenses during the flushing phase (Tatti et 
al., 2016). 
 
 
 
1.3 Image analysis technique 
 
 
The fluorescence of the tracer allows the use of an image analysis technique to determine 
the Fluorescein concentration released by the low-permeability lenses. The source of UV 
light placed in front of the tank excites the dissolved Fluorescein, which subsequently 
reemits light. The image analysis procedure used to elaborate the images of the aquifer is 
based on the intensity of that light. The small thickness of the aquifer (7 cm) compared 
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with the other dimensions (60 cm of horizontal length and 20 cm of high) allowed a 2D 
approach to be used for the analysis, considering the dye distribution to be uniform in the 
third dimension.  
At first, image analysis was applied to evaluate the trend of effluent concentration in order 
to demonstrate the suitability of the image analysis technique to estimate the tracer 
concentration in the reconstructed aquifer. Subsequently, an image analysis procedure 
was elaborated to estimate the diffusive flux released by lenses during the Back-Diffusion 
process.  
 
 
1.3.1 Calibration phase 
 
To estimate the effluent concentration, a calibration procedure was conducted using an 
additional small Plexiglass tank filled with quartz sand and saturated with solutions at 
different known concentrations of Fluorescein. Due to the phenomenon of brightness 
attenuation far from the central area of the image (M. Yang et al., 2014), the behaviour for 
each colour was investigated locating the calibration tank once at the central part of the 
box model and once relatively close to the outlet (Fig.8). In both positions, images of the 
small tank containing solutions at known tracer concentrations were collected.  
 
 
   
 
 
Fig.8: The locations of the small tank utilized for calibration. 
 
 
Each pixel of the pictures displays a colour due to the combination of Red, Green and Blue 
(RGB colour system). For each image the three colours were separated, transforming 
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every picture in three different images in grey scale. In this manner, each pixel assumes 
integer values from 0 (Black) to 255 (White), thereby enabling the measurement of the 
pixel intensity of the whole image in each channel. Elaborating the collected picture using 
this image analysis procedure, Red values resulted in negligible intensity, and thus only 
the intensities of the Blue and Green light were measured (Fig. 9). 
 
 
Fig.9: Intensities of the three colours (RGB) in a section of the aquifer (Tatti et al., 2016). 
 
 
The colour intensity values obtained by image elaboration matched to the respective 
concentrations were interpolated to determine the analytical relations between the 
Fluorescein concentration and the Green and Blue intensities. A polynomial relation based 
on exponential functions is found for Blue colour (Fig. 10a, c); this result agrees with 
studies by Yang et al., 2014 Catania et al., 2008, Konz et al., 2008 and Jones and Smith. 
Conversely, a simple exponential function fits the relation between the Green colour 
intensity and the concentrations (Fig. 10b, d) for both positions. This result is valid for 
concentrations lower than 0.2 g/L because for higher concentration values, an over-
saturation intensity is observed. This observation is in agreement with the study performed 
by Konz et al., 2008. The high value of correlation coefficient (R2) and the low values of 
the Root Mean Square Error (RMSE) demonstrate the good compatibility between the 
experimental points and the interpolating relations. R2 is greater than 0.99 for both the 
positions analysed, and these values are similar for the Blue and Green colours. The 
RMSE result to be on the order of 10−2 for Blue functions and 10−3 for Green functions. 
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The good fitting of the analytical relations to the experimental data is an important result 
for successfully estimating the tracer concentration in the box model using the image 
analysis technique. 
 
 
  
Fig.10: Analytical relations between Fluorescein concentration and colour intensity in the middle 
part of the box model (a, b) and in the outer part (d, c) (Tatti et al., 2016). 
 
 
 
1.3.2 Effluent concentrations estimated by image analysis 
 
 
As reported above, pictures of the tank were collected during the daily water flushing. In 
each picture, the Blue and Green colour channels were separated and converted into grey 
scale images. The Fluorescein concentration was evaluated by image analysis at the 
control section positioned in the side part of the tank (Fig.11). In each image, the average 
colour intensity value of the control section was considered; next, using the functions 
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obtained during the calibration phase, a concentration was assigned to that value. During 
the flushing, the tail of the first lens reaches the third lens. This fact is negligible for our 
purposes because we use image analysis to estimate the effluent concentration, which is 
the sum of the three tails. To evaluate the described procedure, the Fluorescein 
concentrations estimated by image analysis were compared to the concentrations of the 
effluent samples collected at the outlet of the box. 
 
 
 
 
Fig.11: The control section analysed to estimate the Fluorescein concentration by image analysis. 
 
 
An error value (E) was used to evaluate the agreement between the obtained and 
measured concentrations (Yang et al., 2014): 
 
𝐸 = 1 −
∑ (𝑂𝑖−𝑃𝑖)
2
𝑖
∑ (𝑂𝑖−𝑂)
2
𝑖
              (4) 
 
 
where Pi is the calculated concentration using image analysis, Oi and O are the measured 
concentration and the average concentration of the samples, respectively. The E values 
range from negative infinity to 1.0, with values closer to 1.0 indicating a better fit. As shown 
in Table 2, the E values obtained range from 0.9 to 0.3. These values were considered 
suitable for demonstrating the efficiency of the image analysis technique to estimate the 
Fluorescein concentration in the aquifer.  
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Table 2: Error value for Blue and Green colours calculated for the first 5th days (Tatti et al., 2016). 
 
Day Coefficient of efficiency (E) for 
Blue color 
Coefficient of efficiency (E) for 
Green color 
1 0.9 -0.4 
2 -1.7 0.8 
3 - 0.9 
4 - 0.9 
5 - 0.3 
 
 
The error values suggest that the Green function is more suitable to describe the low 
concentration and the Blue function is more appropriated to estimate the high 
concentrations. In fact, during the first day, the effluent concentrations are higher than 0.1 
g/L (Fig. 12a) and the E value for the Blue colour was 0.9, substantially larger than the 
value obtained for the Green function (-0.4).  
On the second day, the trend changed drastically: the effluent concentrations are lower 
than 0.1 g/L (Fig. 12b), and the E value of Green function becomes larger than the Blue 
one. The decreased concentration value in the following days led to the use of only the 
Green function to estimate the trend of effluent concentration during this period (Fig.12c, 
d).  
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Fig.12: The trend of effluent concentration estimated by image analysis compared to the 
concentrations of water samples (Tatti et al., 2016). 
 
 
The lowest E value was obtained on the 5th day; this value is due to the low concentration 
values of the Fluorescein, which determined the larger errors during the image analysis 
procedure. Difficulties in obtaining a constant light source caused variations in light 
intensity in the acquired images, which resulted in small fluctuations in the Fluorescein 
concentrations (Yang et al., 2014, Konz et al., 2008). However, their presence did not spoil 
the results; as a result, Fig. 8 shows the concentration trends after a smoothing procedure 
was applied. 
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1.3.4 Image analysis procedure to evaluate the Back- Diffusion process 
 
 
In the previous paragraph the suitability of the image analysis technique to estimate 
Fluorescein concentration in the aquifer was demonstrated. Based on this result, the 
image analysis technique was used to study the Back-Diffusion phenomenon, in particular 
it was applied to evaluate the diffusive flux of tracer released by lenses during the non 
flushing phase.  
To achieve the goal, the image captured each day before the beginning of the flushing 
phase was analyzed. The area around each lens characterized by the presence of 
Fluorescein was examined (Fig.13a). For each area the three color channels were 
separated, transforming every picture into a grey scale image (Fig. 13b). The histogram 
representing the distribution of pixels for each gray level shows two distinct peaks 
representing the light intensity corresponding to the presence of the lens and of sand 
(background). The values between the two peaks represent the presence of Fluorescein 
(Fig. 13c) and they were selected using two thresholds (Fig. 13d, e). The number of pixels 
for each value of gray level contained in the selected range was determined using a 
specific image analysis program. Each group of pixels was associated with a value of the 
Fluorescein concentration and with a value of area. The value of concentration was 
determined using the relations between the Fluorescein concentrations and light intensity 
obtained during the calibration. The value of the area was obtained multiplying the pixel 
number of each group by the area of a single pixel (2.83 × 10−5 cm2). In this way, the total 
mass of Fluorescein released from each lens was estimated. Dividing this value by both 
the perimeter of the lens and the non-flushing time, the values represent a diffusion flow 
per unit of time and per unit of length for every lens.  
 
 21 
 
 
 
Fig.13: The image analysis procedure elaborated to evaluate the diffusive flux of Fluorescein 
released from the lenses during the non flushing phase. The area around each lens examined (a). 
The same area converted into a gray scale (b) and its histogram of pixel frequencies (c). The area 
around each lens showing Gray levels corresponding to the presence of Fluorescein (d) and the 
histogram of the Gray levels selected by application of two thresholds (e) (Tatti et al., 2016). 
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Lens 1, because of its circular shape, was chosen to validate the described image analysis 
procedure. For this lens, the value of diffusive flux was estimated by image analysis from 
2nd until 14th day. The obtained values were compared with those calculated by the 
analytical solution of diffusive flux proposed by Yang et al., 2014.   
 
𝐽 = 𝐶0 ∗ √
𝐷∗
∗𝑡
             (5) 
 
where J is the diffusive flux, C0 is the constant solute concentration released into the sand, 
η is the porosity of low permeability zone (Table 1) and t is the time of diffusive flow. D* is 
the effective solute molecular diffusion coefficient, defined as: 
 
𝐷∗ =
𝐷∗
1+
𝑘𝑑∗𝑏

              (6) 
 
where  is the metric tortuosity (Table 3), ρb is the density and kd is the distribution 
coefficient. This analytical solution was obtained from Fick’s first law of diffusion. It is 
effective at the interface between low and high-permeability porous media. The release of 
Fluorescein from the low-permeability lenses into the bulk is fundamentally based on the 
basic mechanisms of transport therefore mainly on Back Diffusion; thus, in the proposed 
analytical solution, the distribution coefficient (kd) was considered equal to zero because it 
can influence only the lower or greater availability of the entrapped substance. As shown 
in Fig. 14, the fit between the numerical and experimental trends is rather good (E = 0.99). 
During the last four days, image analysis underestimated the medium diffusive flow values, 
mainly due to the low Fluorescein concentrations. 
 
 
Table 3: Parameters used to calculate the effective molecular diffusion coefficient (D*) (Tatti et al., 
2016). 
 
Parameters Values Units Notes 
 0.6 
- 
Chapman et al., 2012 
D 13.0E-10 m2/s Chapman et al., 2012 
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Fig.14: Comparison between the medium diffusive flux values estimated by image analysis 
procedure and the analytical solution proposed by Young et al., 2014 (Tatti et al., 2016).  
 
 
 
 
 
 
1.4 Influence of grain size distribution on the Back-Diffusion process 
 
 
To investigate how the grain size distribution of low permeability zones influence the Back-
Diffusion process, the diffusive flow released by lenses during the non flushing phase was 
measured. 
It was calculated using the image analysis procedure (reported in paragraph 1.3.4) for 
each lens from the 2nd until the 14th day. During the flushing, the tail of the first lens 
reaches the third lens. This fact is negligible for our purposes because we use image 
analysis to estimate the diffusive flux from the lenses during the no-flushing phase. As the 
Fig. 17 shows, the exponential function fits the experimental data with R2 ranging from 
0.92 to 0.97 for all lenses. The obtained trends clearly show an increase in medium 
diffusive flux from lens 1 to lens 3. This result can be directly linked to the grain size: the 
smaller the grain size is, the larger the diffusive flux is, presumably because of a greater 
storage capacity in the smaller medium grain size. Thus, according to Fig. 15, lens 3 is 
found to be able to store more diluted substance; as a result, its release is larger than that 
of the others. These results can be used to further confirm that low-permeability zones 
must be considered as a long-lasting contaminant source, recalling the behavior of other 
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similar sources such as DNAPL and LNAPL. Furthermore, the different capacity of the low 
permeability zone to store contaminant causes grate implications for the remediation 
techniques, which must be chosen properly by carefully considering the soil texture. 
The characteristics of the materials used in the tests allows for the comparison of obtained 
results at laboratory scale to possible field scenarios.  The molecular diffusion coefficient 
of the Fluorescein presents an order of magnitude of 10-6 cm2/s (Sabatini, 2000), similar to 
the molecular diffusion coefficient of TCE and PCE (Liu and Ball, 2002), which are very 
commonly encountered contaminants. The low-permeability lenses used in our tests are 
characterized by hydraulic conductivity and porosity ranges that can be compared to the 
values of a silty loam.   
 
 
 
 
Fig.15: The trend in time of medium diffusive flux released by the lenses calculated by image 
analysis (Tatti et al., 2016).  
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CHAPTER 2 
 
REMEDIATION OF CONTAMINATED LOW PERMEABILITY 
ZONES OF AQUIFERS: EFFECTS OF ENHANCED 
GROUNDWATER VELOCITY AND INFLUENCE OF LENS SHAPE 
 
 
 
 
2.1 Laboratory tests 
 
 
To investigate the effect of groundwater velocity on depletion time of the Back-Diffusion 
process, the test described in paragraph 1.2 was repeated three times using three different 
velocities of flushed water (U=5 m/s, U=10 m/s, U=20 m/s). In this way, the enhancement 
of groundwater velocity due to the use of pumping technologies was simulated (Fig.16). 
 
 
Fig.16: Laboratory tests carried out flushing clean water at three different velocities to simulate the 
enhanced groundwater velocity due to application of pumping technologies.  
 
 
Briefly, in the first step of the experiment the aquifer was saturated by a 2 g/L Sodium 
Fluorescein solution. When that concentration was achieved in all zones of the aquifer, it 
was kept in saturated condition with null velocity for three weeks. During this period, 
dissolved Fluorescein advanced in the low permeability lenses by molecular diffusion. At 
the end of three weeks, clean water was flushed into the aquifer for 10 days allowing a 
slow re-distribution of tracer from the lenses to the high permeability zone. The first test 
was carried out flushing water with U=5 m/d, the second with U=10 m/d and the third with 
U=20 m/d. The daily amount of flushed water was the same in each test: two pore 
volumes for the first 5 days and only one pore volume for the remaining days. When the 
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daily amount of water was flushed, the flow was stopped and then re-started the following 
day. During the tests images of the aquifer were captured using the experimental 
apparatus described in paragraph 1.1.  
 
 
 
 
2.2 Image analysis procedure used to evaluate the Back-Diffusion 
process in the case of enhanced groundwater velocity  
 
 
To investigate the effect of enhanced groundwater due to the application of pumping 
technologies, the mass of tracer released from the low permeability lenses during the tests  
was estimated.  
The image analysis procedure described in paragraph 1.3.4 was applied to calculate the 
mass of tracer released from the three lenses during the non flushing phases of the tests. 
To evaluate the diffusive flux of Fluorescein released by lenses during the flushing phase, 
a specific image analysis procedure was applied to each image captured during this phase 
of the tests. In every collected picture three plume tails released from the lenses were 
clearly visible. For each lens a specific section crossing the plume tail and characterized 
by a known length was considered (Fig. 17).  
 
 
 
 
Fig. 17: The sections considered to estimate the diffusive flux of Fluorescein released from the 
lenses during the flushing phase of the test (Tatti et al., 2018).  
 
The color intensity over the sections were measured. Using the relations obtained during 
the calibration phase, an average Fluorescein concentration was assigned to the analyzed 
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segments. For each lens a diffusive flow per unit of time (J) was calculated by means of 
the relation (5):  
 
 
𝐽 = 𝐶 ∗ 𝐿 ∗ 𝑈              (7) 
 
where C is the average concentration calculated using image analysis over the section 
length L (cm) at a fixed instant and U (cm/s) the bulk average Darcy velocity. The obtained 
value of diffusive flux divided by the perimeter of the lens (P) furnished the diffusive flux 
value for units of time and of length.  
As Figure 15 shows, the tail of lens 1 interacts with lens 3. Therefore, to correctly quantify 
the Fluorescein released from lens 3, the solute mass estimated to be released by lens 1 
was subtracted from the solute mass released from lens 3.        
The described procedure was validated performing a mass balance of a circular lens in a 
specific test. The experimental apparatus described in paragraph 1.1 was used to 
reconstruct an aquifer composed of a sand layer containing a low permeability lens inside. 
The lens was saturated with a known quantity of dissolved Fluorescein (0.1 g) and then 
clean water was flushed continuously inside the aquifer until all tracer was released by the 
lens. During the test images of aquifer were collected with a prefixed time interval. For 
each picture the diffusive flux was calculated using the image analysis procedure reported 
in this paragraph. The tracer mass released from the lens was obtained multiplying the 
diffusive flux value by the lens perimeter and by the time interval between the capture of 
one image and the next, assuming the flux condition is steady (the gradient value and the 
molecular diffusion coefficient being constant). Fig. 18 shows the suitability of the 
proposed image analysis procedure to estimate the diffusive flux of tracer released by low 
permeability lenses during water flushing.  
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Fig. 18: Comparison between the initial mass of Fluorescein inside the lens and the released mass 
of tracer calculated using the proposed image analysis procedure (Tatti et al., 2018).  
 
 
 
 
2.3 Influence of groundwater velocity on the Back-Diffusion process 
 
 
For each lens the diffusive flows of Fluorescein released during the flushing and non 
flushing phases were measured by image analysis.  As shown in Fig. 19, the diffusive flux 
of the tracer released by lenses during the flushing phase is higher than the diffusive flux 
released during the non flushing phase. This result is probably related to the effects of the 
water convective motion. It removes the solute released from the lenses from the interface 
between the zones at a different permeability level, therefore maintaining the concentration 
gradient at the interface always high.  
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Fig.19: Comparison between diffusive flux of Fluorescein released during the flushing and non 
flushing phases of three tests. Fig. 19a-c show the comparison for lens 1, Fig. 19d-f for lens 2 and 
Fig. 19g-i for lens 3 (Tatti et al., 2018). 
 
 
To investigate if hydraulic gradient between the lenses and the sand layer induces a 
consistent advective flow inside the lenses during the flushing phase, the distribution of 
pressure on the surface of the lenses was estimated. Considering the lenses as a sphere 
in a laminar flow (Fig. 20), the pressure was calculated using the relation: 
 
𝑝 = −
3
2
𝜇𝑈𝑐𝑜𝑠𝜃
𝑅
              (8) 
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where p is the pressure,  the dynamic viscosity of water, U the groundwater velocity, R 
the radius of the sphere and  the angle measured around the sphere from 0° at the rear 
point (P1) and 180° at the front point (P2). 
 
   
 
Fig. 20: Distribution of pressure on the surface of a sphere in laminar flow (Southard, 2006). 
 
 
The Δp calculated between the front and rear points of the lenses is around 1*10-5 Pa. 
Therefore, the hydraulic gradient between the lenses and the main body of the experiment 
can be considered numerically negligible. It is reasonable to assume that this slight 
difference in the pressure values can influence the position of the beginning Fluorescein 
tail, but it does not develop a consistent advective flow internal to the lenses to be coupled 
to the diffusional one. 
For each lens the diffusive flows released during the flushing phase of the three tests were 
compared (Fig. 21). The comparison shows that higher fluxes correspond to higher 
velocities, but only at the beginning of the Back-Diffusion process. This behavior can be 
explained by considering the tracer distribution inside the lenses. The lenses act as 
homogeneous layered bodies, so initially the outer layers loose tracer (Fig. 22) and the 
water advective flow helps maintain high concentration gradient, resulting in more effective 
depletion.  By diminishing the tracer concentration in the outer layers, the content of the 
inner layers is transported by the diffusive flux at a molecular level. This process is 
extremely slow and dominated by the molecular diffusion at pore scale, thus depending on 
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grain size distribution.  In these conditions the effect of water motion involves such small-
time scales as to be considered negligible if compared with those regarding transport from 
the inner layers. 
 
 
 
Fig. 21: Comparison between diffusive flux of Fluorescein released from the lenses during the 
flushing phase carried out at different velocities. Fig.21a shows the comparison for the first lens, 
Fig. 21b for the second lens and Fig. 21c for the third lens (Tatti et al., 2018). 
 
 
 
 
 
Fig. 22: Fluorescein distribution inside the lens 1 during the Back-Diffusion process (Tatti et al., 
2018).  
 
 
 
2.4 The effect of groundwater velocity on timeframe remediation of 
contaminated low permeability zones 
 
The considerations reported in the above paragraph influence the remediation timeframes 
in the presence of contaminated low permeability lenses. This was analysed for the three 
tests presented. The remediation timeframes are defined as the interval time between the 
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beginning of the flushing phase and the emptying of all the low permeability lenses. The 
evaluation of the released mass from the lenses during the flushing and non flushing 
phases is carried out using the aforementioned procedures. The object was to rate the 
remediation strategy that uses the enhanced flow velocity in this kind of contamination 
source. The images collected were used to evaluate the values of Fluorescein mass and 
diffusive fluxes released during the flushing and the non flushing phases for each lens. 
Consequently, the total solute mass contained inside each low permeability zone could be 
estimated. Clearly, this value is different for each lens. Thus, the average daily diffusive 
flux measured during the flushing phase can be associated with the value of the tracer 
mass contained inside the lens deducted from the calculated tracer mass based on the 
diffusive flux during no-flushing periods. The diffusive flux values vs the respective 
Fluorescein mass trends are interpolated to determine analytical relations between the 
Fluorescein mass and the diffusive flux under flow conditions.            
These relations were used to estimate the remediation timeframe of the lenses simulating 
constant groundwater velocity with values of 5, 10 and 20 m/d. A time step (t=1 hour) 
was chosen and the diffusive flux value corresponding to the initial Fluorescein mass 
inside the lens was multiplied by t and by the perimeter of the lens. The calculated solute 
mass was subtracted from the initial value of the Fluorescein mass. Using the relation 
between the tracer mass and the diffusive flux the new value of diffusive flux was 
calculated. This procedure is repeated until the residual mass inside the lens could be 
considered null. In Fig. 23a, b and c trends for the solute amount released during three 
simulations are compared. For each lens, it is possible to observe an increase of tracer 
release following the increase in the groundwater velocity which reduced the time interval 
necessary for emptying. The estimated timeframes necessary for each lens are 
interpolated to obtain a relation between the remediation timeframe and the groundwater 
velocity. As shown in Fig. 23d the data for each lens was fitted according to exponential 
functions (*ex) with satisfactory precision. Coefficients  and  appear to be related to 
the grain size of the low permeability layer (Fig. 23e and f) and thus restoration time is a 
function of groundwater velocity and lens granulometry.  The analytical relations obtained 
can be considered to be an initial approach to investigate the trend of remediation time, 
knowing the grain size of the contaminated layer and varying groundwater velocity. 
Results shown in Fig. 23d show a decrease of restoration time which is correlated with an 
increase of the U, especially in lens 1 and 2 and this is more evident between U=5 m/d 
and U=20 m/d. This is probably correlated by the lower permeability of lens 3 and would 
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appear to prove the low efficiency of aggressive pumping treatments for the remediation of 
less permeable zones.  This idea is evident if the small reduction in the timeframe 
remediation is compared with the high energy costs of pumping and the efforts needed to 
treat the extracted water. 
 
 
 
Fig. 23: Trend of Fluorescein release using different groundwater velocities for lens 1 (a), lens 2 
(b) and lens 3 (c). Trend of remediation timeframes vs groundwater velocity for the three lenses 
(d). Relation between the coefficients  and  and the grain size of the lenses (e, f) (Tatti et al., 
2018). 
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2.5 The influence of lens shape on the Back-Diffusion depletion time 
 
A laboratory test was performed to investigate the influence of lens shape on the Back-
Diffusion phenomenon. The test was carried out using the experimental setup described in 
paragraph 1.1. The aquifer model mainly consists of a high permeability layer with two low 
permeability lenses characterized by the same grain size, but different geometry (Fig. 24). 
The lenses were previously saturated with a known quantity of Fluorescein and then they 
were inserted in the sand layer. Aquifer was saturated and clean water was flushed for 5 
weeks with U=0.2 m/d. The flushing phase was conducted continuously, without stopping 
the flux during the night-time hours. During the test images were collected continuously 
with a prefixed time interval. 
 
 
Fig. 24: The aquifer model. 
 
The high permeability aquifer zone was composed of sand and the two low permeability 
lenses of quartz flour. Particle size and porosity of each material used to reproduce the 
aquifers were defined by the laboratory measurements described in paragraph 1.1. The 
sand and the lenses hydraulic conductivities were estimated by Hazen and Kozeny 
equations (2, 3), respectively (Tab. 4).  
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Table 4: The characteristics of the materials used to reproduce the aquifer.  
 Materials s (kg/dm3) D50 (μm) D10 (μm) Porosity  Hydraulic 
Conductivity (m/s) 
Sand  Quartz 2.65 700 430 0.40 3*10-3 
Lens 1 Quartz Flour 2.65 12 1.4 0.42 5*10-7 
Lens 2 Quartz Flour 2.65 12 1.4 0.42 5*10-7 
 
The first low permeability lens is characterized by a cylindrical shape with a diameter (D) of 
about 4 cm and a thickness of 7 cm. Lens 2 can be considered a layer of parallelepiped 
shape with a length L>>D, a high (H) equal to the diameter of the first lens and a thickness 
of 7 cm. The low permeability layer is positioned on the bottom of the box model. From 
Fig. 25 it is possible to observe the different behaviour of Fluorescein inside the two lenses 
during the test. Inside the second lens, the tracer flux comes from the layers more 
exposed to the water flow, comprising therefore also the top part of the lens. The release 
is therefore not symmetric and contrary to what was the effect in the case of the cylindrical 
lens which had shown an isotropic loss of tracer. (Fig.25).  
 
 
(a) 
 
(b) 
Fig.25: Comparison between the distribution of Fluorescein inside the layer (a) and inside the lens 
(b) during the test. 
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To investigate how the lens shape influences the Back-Diffusion depletion time, the 
Fluorescein mass released from the two lenses during the test was estimated using the 
image analysis procedure previously reported on paragraph 2.2.  For each lens and for 
each collected picture a specific section crossing the plume tail was considered. The 
average color intensity of the analyzed sections was obtained using a suitable software 
and using the relations obtained during the calibration phase, a Fluorescein concentration 
(C) was assigned to the sections. Equation 7 allows for the calculation of a value of 
diffusive flux of Fluorescein released by each lens per unit of time. Multiplying the obtained 
value by the time interval between one image and the next, the tracer mass released by 
the lenses was estimated. As reported previously, the lenses were reproduced using the 
same materials and they were saturated with a solution containing 2 g/L of dissolved 
Fluorescein. Thus, we can consider that the unit of volume of each lens contains the same 
quantity of tracer (about 1 mg). Comparing the trend of cumulated Fluorescein mass per 
unit of volume of each lens, the release of tracer appears slower for the second lens (Fig. 
26).  In particular, the lens characterized by a cylindrical shape released the total 
Fluorecein storage inside its structure during the first 10 days of the test. The layer, 
instead, continued to release tracer even after the thirtieth day. The laboratory test was 
stopped after 5 weeks because the concentration of tracer released by the layer after the 
thirtieth day was too low to be estimated using image analysis. The slower release of 
Fluorescein from the second lens is probably due to the absence of water motion at the 
bottom layer. In this way, the area of the second lens available for the release of tracer 
was reduced and the ratio between Fluorescein mass and the area exposed to the water 
motion increased.  The results of the described laboratory experiment demonstrate the 
importance of lens shape in relation to the Back-Diffusion process. In particular, 
contaminated low permeability layers can release contaminats through molecular diffusion 
for a longer period of time than the lenses, neutralizing the remediation efforts for a 
complete groundwater restoration.   
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Fig. 26: Trend of solute released from the layer and compared with the trend of Flurescein 
released from the cylindrical lens. 
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CHAPTER 3 
 
APPLICATION OF GROUNDWATER CIRCULATION WELL 
(GCW) AS AN ALTERNATIVE TECHNOLOGY TO RESTORE 
CONTAMINATED LOW PERMEABILITY LAYER OF AN 
AQUIFER 
 
 
3.1 Laboratory investigation: Experimental set-up 
 
 
The experimental apparatus used to perform the test consisted of a box model, a 
Groundwater Circulation Well (GCW) with three screen sections, two peristaltic pumps 
connected to the well, four UV lamps positioned in front of the tank and a 3CCD camera 
(Fig. 24).     
 
 
Fig. 24: The experimental apparatus used to carry out the test. 
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An aquifer was reconstructed inside the box model with length 1 m, high 0.7 m and depth 
0.12 m. The box is divided in three parts: a central part used to reconstruct the aquifer and 
two small chambers on the side. The chambers were collected to the central part by 
punched plates and they were utilized to control the water head. Similarly to the previous 
described tests, the model of the reconstructed aquifer consists of a high permeability 
layer and two low permeability lenses with different grain size and hydraulic conductivities. 
The high permeability layer was reproduced using quartz sand and the two lenses utilizing 
quartz flour. The grain size of the materials was estimated by the laboratory 
measurements described on the paragraph 1.1 The sand and the lenses hydraulic 
conductivities were estimated using the formula proposed by Hazen (equation 2) and by 
Kozeny and Carman (equation 3), respectively. The properties of the materials are 
reported in Table 5 and, as it shows, lens 1 is characterized by bigger grain size and by 
higher permeability than lens 2.   
 
 
Table 5: Characteristics of the reconstructed porous media.  
 
 
 
In the middle section of the sand layer, between the two low permeability lenses, a GCW 
model was located (Fig. 25). The GCW was characterized by 1 m of high and 0.11 m of 
diameter. It had three screen sections and the boreholes between the screen sections 
were impermeable. Gravel was positioned near the screens to prevent sand from escaping 
into the well. The first screen was located at the top of the aquifer, the second at the 
middle part of the sand layer and the third at the aquifer bottom. Sodium Fluorescein was 
used as tracer due to its property to emit light ranging from green to orange as a function 
of its concentration when it is excited by UV light. This property allows for the use of the 
image analysis technique to estimate the tracer concentration during the test. In the 
 Materials s 
(kg/dm3) 
Medium 
Grain Size 
D50 (μm) 
D10 
(m) 
Specific 
surface 
(cm2/g) 
D60 
(m) 
Hydraulic 
Conductivity (m/s) 
Sand  Quartz 2.65 700 450 - 800 3.0*10-3 
Lens 1 Quartz 
Flour 
1.2 35 4 1900 55 1.6*10-6 
Lens 2 Quartz 
Flour 
0.5 3 0.8 12000 3 9.2*10-7 
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reported experiment Fluorescein was excited using 4 UV lamps positioned in from of the 
box model. A 3CCD camera connected to a computer was located behind the UV lamps in 
order to acquire images of the aquifer. 
 
 
 
 
Fig. 25: The reconstructed aquifer with two low permeability lenses inside. 
 
 
3.2 Test procedure 
 
The Groundwater Circulation Well was tested in a homogeneous sand aquifer 
reconstructed inside the middle section of the box model. Aquifer was saturated with clean 
water and then the tank was sealed to keep the water head constant. Two peristaltic 
pumps working at a fixed flow rate were connected to the upper screen of the GCW and to 
the lower screen respectively. Water was introduced into the aquifer from the upper screen 
and extracted from the lower. In this way, the GCW system created a flow field 
characterized by circular pathlines with a radius dependent on the circulation flow rate. 
Tests were carried out to choose the optimum value of circulation flow rate based on the 
box model’s dimensions and on the velocity of water circulation. To visualize the pathlines 
of the flow and to estimate their radius, Fluorescein was injected in different points of the 
aquifer during the tests (Fig. 26).  
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Fig.26: Flow pathlines visualized by injection of Fluorescein in different point of the sand aquifer. 
 
 
The optimum value of the circulation flow rate was estimated around 120 L/h and it was 
used during the test carried out to investigate the effect of GCW on Back-Diffusion 
process.  
The Back-Diffusion process from the low permeability zone of the aquifer was simulated by 
saturating the two reconstructed lenses with a solution containing 2 g/L of dissolved 
Fluorescein. Lens 1 and lens 2 were filled with an amount of about 0.1 g and 0.2 g of 
tracer, respectively. The second lens contained more Fluorescein than the first one due to 
its higher porosity and dimensions (Fig. 25).  
The saturated lenses were inserted into the sand layer, the aquifer was saturated with 
clean water and then water was circulated for 8 days. During this phase the Back-Diffusion 
process was clearly visible (Fig. 27). The tracer released by the lenses generates 
Fluorescein tails. During the test images of the aquifer were collected continuously with a 
prefixed time interval from an automatic acquisition system and stored on a computer. To 
improve the clarity of the pictures, a UV filter (Hoya Pro1 Digital Filter UV) was applied to 
the camera lens. 
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Fig.27: The Back-Diffusion process from the low permeability lenses during water circulation. 
 
 
 
3.3 Image analysis procedure 
 
To evaluate the Fluorescein concentration inside the aquifer, a calibration procedure was 
used. Briefly, an aquifer was saturated with solutions at different known concentrations of 
Fluorescein and for each solution images of a saturated box model were collected 
(Fig.28).  
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Fig.28: Images of aquifer saturated with Fluorescein solutions at known concentrations. 
 
 
For every picture the three color channels were split and using a suitable software the 
average intensity of the Green color was measured.  
Color intensity values obtained by image elaboration coupled with the respective 
concentrations were interpolated to determine the analytical relations between the 
Fluorescein concentration and the Green light intensities. As Fig. 29 shows, an 
exponential function fits the relation between the Green color intensity and the 
concentrations, according to the results reported on paragraph 1.3.1. The satisfying 
agreement between the experimental data and the interpolating relations is demonstrated 
by the high value of correlation coefficient (R2) and by the low value of the Root Mean 
Square Error (RMSE). 
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Fig.29: Relation between Green color intensity and Fluorescein concentration. 
 
To investigate the effect of water circulation on the Back-Diffusion process the mass of 
Fluorescein released during the test from the low permeability lenses was estimated. To 
achieve the goal, the diffusive flux of tracer released by the two lenses was calculated 
adopting the image analysis procedures described in paragraph 2.2. For each lens a 
specific section crossing the plume tail was considered (Fig. 30) and using the relations 
obtained during the calibration phase, a Fluorescein concentration (C) was assigned to the 
analyzed sections.  
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Fig.30: The sections considered to estimate the Fluorescein mass released from the two lenses 
during the test using the image analysis technique.   
 
The obtained concentration values were used in equation (7) to calculate the diffusive flow 
per unit of time (J) released by each lens.  
The Darcy velocity (U) was estimate by image analysis technique considering the position 
of the Fluorescein tail in images captured with a fixed time interval. This method was 
validated using the theoretical approach proposed by Ros and Gary, 1993: 
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where Ux and Uz are the components of velocity vector, k is hydraulic conductivity, n 
porosity, h hydraulic head, Q flow rate of injected/extracted water, (x0, y0, z0) and 2L 
coordinates are the center point and the length of the well screen respectively.   
The diffusive flux (J) was calculated for each lens and for each image captured during the 
test. The Fluorescein mass released from low permeability lenses was obtained multiplying 
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every value of J by the time interval between the capture of the images. In this way, the 
values of Fluorescein mass in each lens vs time were obtained (Fig. 31).  As the results 
show, the depletion time of the mass contained in the lenses due to the Back-Diffusion 
phenomenon is larger for the second lens, because of its major dimensions and of its 
lower permeability. This result agrees with data obtained during the previous tests that 
show an increase of the remediation time correlated to the decrease of grain size 
(Fig.23d).   
 
 
 
Fig.31: Fluorescein mass contained into the two lenses during the test. 
 
 
 
 
3.4 Numerical model  
 
 
A numerical model was developed to reproduce the Back-Diffusion process and to 
evaluate the effects of pumping technologies on the contaminant redistribution process 
from low to high-permeability zones of an aquifer.  
Considering a heterogeneous and anisotropic aquifer, the fluid flow was simulated 
numerically using the groundwater flow equation: 
 
𝑠𝑠
𝜕ℎ
𝜕𝑡
=
𝜕
𝜕𝑥𝑖
(𝑘𝑖𝑖
𝜕ℎ
𝜕𝑥𝑗
) + 𝑞𝑠                    (13) 
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where h is the hydraulic head [L], kii the principal component of the hydraulic conductivity 
tensor [LT-1], Ss the specific storage of the porous media [L-1] and qs the volumetric flux of 
water extracted/injected per unit of aquifer volume [T-1].  
Groundwater velocity was described by the Darcy equation:  
 
𝑈𝑖 = −
𝑘
𝑛
∗
𝜕ℎ
𝜕𝑥𝑖
                     (14) 
 
where hydraulic head was obtained from the solution of equation (13). 
The numerical simulation of non-reactive contaminants transported in an aquifer was 
carried out using the transport and diffusion equation:  
 
𝜕𝐶
𝜕𝑡
+ 𝑢𝑖
𝜕𝐶
𝜕𝑥𝑖
= 𝐷𝑖𝑑𝑟
𝜕2𝐶
𝜕𝑥𝑖
2                     (15) 
 
where C [ML-3] is the solute concentration, ui are the components of velocity vector and 
Didr [L2T-1] is the hydrodynamic dispersion coefficient.  The equations used in the model 
were numerically solved in two dimensions using the finite difference method. For the 
bottom and for the side boundaries of the domain the Neumann condition was used. 
The model was validated reproducing the laboratory test described in paragraph 3.2 and 
comparing the experimental results with the numerical ones. The calibration phase was 
carried out by varying the values of the hydrodynamic dispersion coefficient and the 
hydraulic conductivity of the media. Table 6 reports the input data used in the model.  
 
 
 
Table 6: Model input data. 
Parameter Value Units 
Sand hydraulic conductivity 8*10-4 m/s 
Lens1 hydraulic conductivity 2*10-6 m/s 
Lens 2 hydraulic conductivity 6*10-7 m/s 
Sand hydrodynamic dispersion  5*10-9 m2/s 
Lenses hydrodynamic dispersion  1*10-10 m2/s 
Injection/Extraction flow rate 120 L/h 
Initial Fluorescein mass inside Lens 1 1.0 g 
Initial Fluorescein mass inside Lens 2 0.26 g 
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To validate the model, the Fluorescein mass contained inside the lenses determined 
numerically was compared to the one estimated by image analysis (Fig. 32). The 
agreement between the values can be considered satisfactory to demonstrate the model 
suitability to reproduce the investigated process.   
 
 
 
 
(a) 
 
 
(b) 
 
Fig.32: The comparison between the experimental data and those obtained by numerical 
simulation for lens 1 (a) and lens 2 (b).  
 
 
 
 49 
 
3.5 Results of numerical simulations 
 
 
The numerical model was used to investigate the effects of the GCW technology and of a 
classic Pump and Treat system on the contaminant redistribution process from low-
permeability layers of an aquifer. To achieve this goal, the laboratory test was numerically 
simulated varying injection/extraction water flow rate and considering different positions of 
the polluted low-permeability layers inside the aquifer.  
The numerical simulation of the Groundwater Circulation Well was carried out pumping 
contaminated water from the lower screen and injecting clean water from the upper screen 
section (Fig. 33a and Fig. 34a). The traditional well, characterized by only one screen 
section, was simulated extracting water from a lower screen (Fig. 33b and Fig. 34b), as 
generally used at the field scale. To investigate the effect of the injection/extraction water 
flow rate (Q) on the Back-Diffusion process, three flow rates were simulated (Q=60 L/h, 
Q=120 L/h and Q=150 L/h). As Figures 35a and b show, enhancing the flow rate of water 
circulation the tracer depletion time decreased for both the two lenses. This effect appears 
valid for both remediation technologies investigated, however the decrease of the Back-
Diffusion depletion time is more evident in case of GCW (Fig. 35a and b). This result 
depends on the different effects generates by the two considered types of well. Both the 
remediation technologies develop a flow field that removes the contaminant at the 
interface between the high and the low-permeability zones increasing the diffusive flux of 
contaminant released by the lenses. The GCW develops also a hydraulic gradient 
orthogonal to the main axis of the low-permeability layers that generates a small flow into 
the lenses supporting the contaminant diffusive flow.  
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(a) 
 
 
(b) 
Fig. 33: The hydraulic head and the flow field simulated numerically using a GCW (a) and a 
standard well (WS) (b). 
 
 
 51 
 
 
(a) 
 
 
(b) 
Fig.34: The concentration field simulated numerically using a GCW (a) and a standard well (WS) 
(b). 
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(a) 
 
(b) 
 
Fig. 35: The trend of Fluorescein mass contained into the lens 1 (a) and the lens 2 (b) simulating 
the use of a GCW and of a standard well (WS) with different injection/extraction water flow rates. 
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The efficiency of the Groundwater Circulation Well was evaluated varying also the position 
of the low permeability lenses. In particular, the lenses were positioned near the top and 
close to the bottom of the aquifer (Fig. 36), reproducing therefore situations in which it is 
not clearly known the low permeability layer position. For both cases, three numerical 
simulations were carried out using different water circulation flow rates (60 L/h, 120 L/h 
and 150 L/h). The results obtained for each position were compared to those obtained for 
the central position (the real position of the lenses in the reconstructed aquifer at 
laboratory scale). As Figures 37 and 38 show, for both positions of the lenses the Back-
Diffusion depletion time increases if compared to those obtained with the central position. 
This result is correlated to the flow field developed by the GCW. The lenses located at the 
top and at the bottom of the aquifer are close to the upper and the lower GCW screen 
respectively and thus the main component of the water flow is parallel to the main axis of 
the low permeability layers. The results obtained using a GCW were then compared to 
those obtained simulating the remediation of the lens positioned at the top and at bottom 
of the aquifer using a traditional well (Fig. 39). Three simulations were performed pumping 
water at Q=60 L/h, Q=120 L/h and Q=150 L/h. Comparing the trends of Fluorescein mass 
released from the lenses using a GCW and a traditional well, the Back-Diffusion depletion 
appears faster using the GCW scheme (Fig. 40-41). This result is valid for both the lenses 
and for both the considered positions.  Taking into account the results of all numerical 
simulations performed, the Groundwater Circulation Well technology appears more 
suitable to be used in the contest of presence of contaminated low permeability lenses 
rather than the traditional well, but as verified its efficiency depends on the position of the 
lenses.  
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(a) 
 
 
(b) 
 
Fig. 36: The hydraulic head and the flow field simulated numerically using a GCW for the lenses 
positioned at the top (a) and at the bottom (b) of the acquifer. 
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(a) 
 
 
 
(b) 
 
Fig. 37: The trend of Fluorescein mass contained into the lens 1 (a) and the lens 2 (b) positioned 
near the bottom and in the middle part of the aquifer simulating the use of a GCW. 
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(a) 
 
(b) 
 
Fig. 38: The trend of Fluorescein mass contained into the lens 1 (a) and the lens 2 (b) positioned 
near the top and in the middle part of the aquifer simulating the use of a GCW. 
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(a) 
 
 
(b) 
 
Fig. 39: The hydraulic head and the flow field simulated numerically using a standard well for the 
lenses positioned at the top of the acquifer (a) and at the bottom (b). 
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(a) 
 
(b) 
 
Fig. 40: Comparison between the trend of Fluorescein mass contained into the lens 1 (a) and the 
lens 2 (b) positioned near the bottom of the aquifer simulating the use of a GCW and of a standard 
well. 
 
 
 59 
 
 
 
(a) 
 
(b) 
 
Fig. 41: Comparison between the trend of Fluorescein mass contained into the lens 1 (a) and the 
lens 2 (b) positioned near the top of the aquifer simulating the use of a GCW and of a standard 
well. 
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The GCW technology can be applied extracting/injecting water from two or more screen 
sections. In this study we have investigated the efficiency of a GCW characterized by three 
screen sections. In particular, we numerically simulated the laboratory test extracting 
contaminated water from the middle section of the GCW and injecting clean water from the 
lower and the upper screens.  In this way, the GCW develops two circulation patterns 
inside the aquifer (Fig. 42). As described for the previously tests, three simulations were 
carried out using different values of injected flow rate (Q=60 L/h, Q=120 L/h and Q=150 
L/h). The numerical results were compared in Fig. 43 and they demonstrate a decrease in 
mass depletion time enhancing the circulation flow rate. This result agrees with the results 
obtained for the traditional well and for the GCW characterized by two screen sections. 
However, comparing the trend of Fluorescein released from the lenses using the two 
different models of GCW, the restoration of the low permeability lenses appears faster 
using a GCW characterized by two screen intervals. This result is correlated with the flow 
field developed by the Groundwater Circulation Well. The two circulation patterns 
developed using a GCW with three screen sections are characterized by a radius of 
influence smaller than that of the circulation pattern generated by a GCW with two screen 
sections. The low permeability lenses are close to the middle screen of the well and thus 
the principal component of the velocity field is parallel to the main axis of the lenses. To 
verify the efficiency of a GCW with three screen sections, the lenses were located at the 
bottom and at the top of the aquifer and their restoration was simulated (Fig.44). For both 
positions water was circulated using Q=60 L/h, Q=120 L/h and Q=150 L/h. For each lens 
and for each position the obtained results were compared with the corresponding results 
calculated using a GCW with two screen sections. As the Fig. 45 and the Fig. 46 show the 
remediation times of the two lenses result higher using a GCW with three screen sections. 
This result appears valid for both lenses and for both positions. Considering the small 
influence radius of the circulation pattern, the efficiency of a GCW with three screen 
sections was investigated locating the first lens closer to the well (Fig. 47). As the Fig. 48 
shows, the remediation time of the first lens decreased and it appears similar than the 
corresponding time calculated using the GCW with two screen sections. The performed 
study demonstrates that the efficiency of the GCW characterized by three screen sections 
is generally lower than the efficiency of a GCW with two screen sections, because it is 
closely dependent on the position and on the orientation of the contaminated low 
permeability lenses.  
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(a) 
 
 
 
(b) 
 
 
Fig. 42: The hydraulic head and the flow field simulated numerically using a GCW with three 
screen sections (GCW3) for the lenses positioned in the middle part of the aquifer (a). The 
corresponding concentration field obtained by the nemurical model (b). 
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(a) 
 
(b) 
 
Fig. 43: Comparison between the trend of Fluorescein mass contained into the lens 1 (a) and the 
lens 2 (b) positioned in the middle part of the aquifer simulating the use of a GCW with two and 
three screen sections (GCW3).  
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(a) 
 
(b) 
 
Fig. 44: The hydraulic head and the flow field simulated numerically using a GCW with three 
screen sections (GCW3) for the lenses positioned near the top (a) and bottom (b) part of the 
aquifer.  
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(a) 
 
 
(b) 
 
Fig. 45: The trend of Fluorescein mass contained into the lens 1 (a) and the lens 2 (b) positioned 
near the top of the aquifer simulating the use of a GCW with two and three screen sections 
(GCW3). 
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(a) 
 
 
(b) 
 
Fig. 46: The trend of Fluorescein mass contained into the lens 1 (a) and the lens 2 (b) positioned 
near the bottom of the aquifer simulating the use of a GCW with two and three screen sections 
(GCW3). 
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Fig. 47: The hydraulic head and the flow field simulated numerically using a GCW with three 
screen sections moving the first lens closer the GCW.  
 
 
Fig. 48: The trend of Fluorescein mass contained into the lens 1 positioned close the well 
simulating the use of a GCW with two and three screen sections (GCW3). 
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Conclusion 
 
The aim of this thesis was to study the Back-Diffusion process from the lower permeability 
zones of aquifers in order to evaluate the best remediation strategies for these zones. The 
process is dominated by molecular diffusion and caused a long plume tail, today regarded 
as one of the main obstacles to effective groundwater remediation.  
In the first chapter, the described laboratory test clearly showed the Back-Diffusion 
phenomenon and demonstrated the importance of aquifer heterogeneities during 
groundwater restoration. They can be considered long-lasting secondary sources of 
contamination, as observed in NAPLs sources. The measurement of contaminant fluxes 
released from the low permeability lenses permitted the analysis of the relation between 
the granulometry of the lenses and the Back-Diffusion process. The results show that the 
lower the average grain dimension of the formation is, the higher the flux is and the longer 
the time for which the values of the released concentration can constitute a source of 
contamination. This observation causes strong implications for the choice of remediation 
techniques, because they must be chosen by carefully considering the soil texture. 
In the second chapter, the efficiency of the traditional pumping technology to restore 
contaminated low permeability zones of aquifer was investigated by laboratories tests. The 
results showed that enhancing groundwater velocity, the diffusive fluxes released by the 
lenses increase, but only during the first days of the redistribution process.  This 
observation is related to the tracer distribution inside the lenses. At the beginning of the 
Back-Diffusion process, the tracer is present homogeneously inside the lenses and, when 
the concentration gradient between the low and high permeability zones is established, the 
outer layers of the lenses start to release contaminant. During this phase the impact of 
groundwater motion increases the concentration gradient at the interface thus facilitating 
the tracer flux released by the lenses. The decrease in tracer concentration in the outer 
layers establishes a concentration gradient inside the lens which by diffusive flux 
transports Fluorescein from the inner to the outer areas of the low-permeability zone. This 
process depends on grain size and its transport rate is generally lower if compared with 
the purely advective transport. Thus, the effect of enhanced groundwater velocity is 
negligible when low-permeability zones begin to release the tracer stocked in the inner 
part of their structure. This behavior is the main cause of Pump and Treat inefficiency to 
restore contaminated low-permeability zones in a short time.  The traditional pumping 
technology also appear unable to treat NAPLs sources. Luciano et al., (2012) and Erning 
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et al., (2011) observed only a moderate increase in the DNAPL dissolution rate due to 
enhanced groundwater velocity. These results demonstrate that the contamination tail due 
to long-lasting sources cannot be remediated solely by the mechanical enhancement of 
the flow velocity and therefore they prove the need to use alternative technologies. 
In the third chapter, the Groundwater Circulation Well system was investigated as an 
alternative technology to improve the remediation of the contaminated low permeability 
zone of aquifers. The suitability of this system was studied using laboratory tests and 
numerical simulations.  Results show that GCW develops a hydraulic gradient inside the 
aquifer which supports the diffusive flow into the lenses and removes the contaminant at 
the interface between the high and the low-permeability zones, increasing the flux of 
contaminant released by the lenses. The efficiency of the GCW system appears 
dependent on the position of the low permeability zones, but it seems always higher than 
traditional pumping technology one. The GCW performance results higher if water was 
extracted and injected using only two screen sections, because the developed circulation 
pattern appears to affect a larger zone of aquifers. 
Further investigation can be performed regarding the use of a Groundwater Circulation 
Well in conjunction with other remediation technologies. Considering the importance of 
diffusive transport, the increase in temperature using electrical resistance can be shown to 
be an alternative technology to restore the low-permeability zones. In fact, it improves the 
diffusive flux released by low-permeability zones and, if the contaminant is biodegradable, 
it enhances the bioremediation of released pollutants in high-permeability aquifer layers 
(Beyke and Fleming 2005). These technologies have been widely used for in situ 
groundwater remediation and several studies were carried out concerning the enhanced 
bioremediation of chlorinated solvents and hydrocarbons (Scow and Hicks, 2005, Hood et 
al., 2008, Aulenta et al., 2005). 
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